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—)>  This  report  describes  an  experimental  study  which  was  conducted 
to  investigate  the  loads  produced  by  the  impact  of  1800  g  and 
3600  g  birds.  Both  real  birds  and  bird  simulants  were  tested. 

Impact  pressures  were  measured  and  compared  with  smaller  bird 
impact  results  obtained  on  previous  testing  programs.  The  magni¬ 
tude  of  the  impact  pressures  was  found  to  be  independent  of  bird 
size.  The  temporal  and  spa/flal  distribution  of  impact  pressures  -  I  / 
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FOREWORD 


This  report  describes  a  contractual  work  effort  conducted 
by  personnel  of  the  Impact  Physics  Branch,  Experimental  and 
Applied  Mechanics  Division,  University  of  Dayton  Research  Institute, 
Dayton,  Ohio  under  Project  2402,  "Vehicle  Equipment  Technology," 

Task  240203,  "Aerospace  Vehicle  Recovery  and  Escape  Subsystems," 

Work  Unit  24020318,  "Simulation  of  Bird  Impact  on  Aircraft 
Transparencies . ir_ 


The  work  reported  herein  was  performed  during  the  period 
16  January  1978  to  16  February  1979  under  the  direction  of  Dr. 
John  P.  Barber,  the  principal  investigator.  The  Air  Force 
project  engineer  was  Mr.  Robert  E.  McCarty  (AFFDL/FER) .  The 
report  was  released  by  the  authors  in  March  1979. 

This  report  is  one  of  three  which  will  be  published  under 
contract  number  F33615-78-C-3402*  The  remaining  two  will  deal 
with  the  effects  of  bird  attitude  upon  impact  loads,  and 
development  of  a  substitute  bird  for  testing  respectively  and 
will  be  released  as  the  work  is  completed. 
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SECTION  I 
INTRODUCTION 

Collisions  between  birds  and  aircraft,  have  proved  to  be  an 
expensive  and  persistent  problem  to  the  United  States  Air  Force. 

The  severity  of  the  problem  has  increased  as  high-speed, 
low-altitude  a  iron;  it  missions  have  evolved.  Windshield,  canopy, 
and  support  strictures  have  proved  to  be  particularly  vulnerable  to 
birdstrike.  Not.  only  are  these  parts  of  the  aircraft  sensitive  to 
impact  damage,  but  the  consequences  of  damage  on  pilot  performance 
are  severe.  A  number  of  aircraft,  and  pilots  have  been  lost  due  to 
birdstrike  on  windshields,  canopies,  and  support  structures. 

The  birdstrike  vulnerability  of  the  crew  enclosure  and 
transparencies  in  Air  Force  aircraft  has  resulted  in  a  number  of 
redesign  programs.  These  redesign  programs  have  usually  been 
conducted  in  an  iterative  build  and  test  mode.  This  method 
of  design  is  extremely  expensive  and  time  consuming.  The  Air 
Force  has,  therefore,  developed  an  interest  in  modern  structural 
design  techniques  applied  to  the  windshield  birdstriko  problem. 

This  approach  to  the  birdstrike  design  task  involves  the  use 
of  modern  finite  element  structural  analysis  techniques.  These 
techniques  have  been  adapted  to  analyze  the  transient  dynamic 
events  such  as  birdstrike.  The  structural  analysis  techniques 
themselves  have  undergone  extensive  development  over  the  years 
and  have  become  highly  reliable  and  efficient  structural  desiqn 
tools.  Tn  order  to  adequately  predict  response,  however,  these 
techniques  require  good  definition  of  the  material  properties 
and  accurate  descriptions  of  the  transient  impact  loads.  This 
report  deals  with  the  description  of  impact  loads  for  use  with 
finite  element  codes. 

The  University  of  Dayton  Research  Institute  (UbKl)  began 
work  on  the  characterization  of  bird  impact  loads  in  January 


of  1974.  This  work  was  jointly  sponsored  by  the  Air  Force 
Materials  Laboratory  (AFML)  and  the  Air  Force  Flight  Dynamics 
Laboratory  (AFFDL) .  A  continuing  effort  has  been  conducted 
on  the  measurement  and  characterization  of  bird  impact  loads 
since  that  time.  The  original  work,  documented  in  Reference  1, 
developed  the  basic  experimental  techniques  which  were  used 
throughout  the  program  to  obtain  bird  impact  load  data.  This 
program  concentrated  on  small  birds  (up  to  120  g)  and  impacts  at 
normal  incidence.  Work  was  continued  on  the  measurement  of 
small  bird  impact  pressures.  The  data  were  more  thoroughly 
analyzed  and  presented  in  Reference  2.  This  report  identified 
the  basic  processes  of  bird  impact  and  provided  the  first 
quantitative  measurements  of  the  pressures  and  forces  involved. 

The  work  was  extended  and  reported  in  Reference  3,  which 
described  in  great  detail  the  impact  behavior  of  birds.  Extensive 
data  on  birds  weighing  up  to  600  g  were  reported.  Some  data 
for  birds  up  to  4  kg  were  also  obtained.  The  basic  fluid 
behavior  of  birds  during  impact  was  identified  and  quantified. 

The  development  of  the  first  satisfactory  bird  impact  flow  models 
was  reported  and  the  techniques  necessary  for  proper  scaling  of 
the  impact  loads  with  bird  size  were  identified.  A  more  detailed 
theoretical  base  for  bird  impact  modelling  was  described  in 
Reference  4.  This  work  presented  a  more  detailed  analysis  of 


‘Barber,  J.P.  and  J.S.  Wilbeck,  "The  Characterization  of  Bird 
Impacts  on  a  Rigid  Plate;  Part  I,"  AFFDL-TR-75-5,  ADA021142, 
January  1975. 

?Peterson,  R.L.  and  J.P.  Barber,  "Bird  Impact  Forces  in  Aircraft 
Windshield  Design,"  AFFDL-TR-75-150,  ADA026-628,  March  1976. 

’Barber,  J.P.,  II. R.  Taylor,  and  J.S.  Wilbeck,  "Bird  Impact 
Forces  and  Pressures  on  Rigid  and  Compliant  Targets,"  AFFDL- 
TR-77-60 ,  ADA061-313,  May  1978. 

uWilbeck,  J.S.,  "Impact  Behavior  of  Low  Strength  Projectiles," 
AFML-TR-77-134 ,  ADA060-423,  July  1978. 


the  basic  process  of  bird  impact  and  provides  the  theoretical 
basis  for  bird  impact  modelling  as  a  fluid  process.  Additional 
impact  work  was  conducted  under  an  Air  Force  Aero  Propulsion 
Laboratory  contract  and  is  reported  in  Reference  !5.  This  report 
presented  a  much  more  careful  experimental  investigation  of 
impact  loads  using  simulated  birds  and  ice.  Careful  measurements 
were  made  and  agreement  with  prediction  of  the  theoretical  model 
was  found  to  be  excellent. 

All  of  the  work  described  above  was  conducted  with,  and 
based  on,  data  produced  with  birds  weighing  600  g  or  less. 
Although  scaling  derived  from  theoretical  considerations  worked 
extremely  well  over  the  range  of  bird  masses  from  60  g  to  600  g, 
there  was  still  some  concern  about  the  applicability  of  these 
models  to  birds  with  masses  in  the  range  from  1800  g  to  3600  g. 

In  particular,  the  1800  g  birds  represent  the  standard  design 
case  for  aircraft  transparencies.  It  was,  therefore,  deemed 
necessary  to  collect  experimental  data  on  1800  g  and  3600  g 
birds  to  ensure  that  the  theoretical  models  developed  for  use 
with  structural  element  codes  were  applicable  for  this  size  bird. 
This  report  describes  the  experimental  measurements  made  on 
1800  g  and  3600  g  birds.  The  scaling  relationships  derived 
in  the  previous  programs  were  checked  and  found  to  adequately 
describe  the  impact  of  these  large  birds. 


bBauer,  D.P.  and  J.P.  Barber,  "Experimental  Investigation  of 
Impact  Pressures  Caused  by  Gelatin  Simulated  Birds  and  Ice," 
UDR-TR-78-114 ,  November  1978. 
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SECTION  II 

EXPERIMENTAL  TECHNIQUES 

The  experimental  work  described  in  this  report  was  con¬ 
ducted  at  the  University  of  Dayton  Research  Institute.  This 
section  contains  a  description  of  the  experimental  techniques 
used  to  obtain  temporally  resolved  pressure  measurements  during 
bird  impact  onto  a  rigid  plate.  Descriptions  of  the  experimental 
range  and  launch  technique,  target  instrumentation,  and  data 
collection  are  given  in  the  sections  that  follow. 

2.1  LAUNCH  TECHNIQUES 

For  experimental  investigations  of  bird  impact,  a  launch 
technique  is  necessary  which  can  accelerate  birds  of  the 
required  mass  to  the  required  velocities.  The  birds  must  be 
launched  with  controlled  orientation  (preferably  with  zero 
pitch  and  yaw) ,  and  such  that  they  do  not  break  up  or  severely 
distort  prior  to  impact.  A  launch  technique  was  developed  with 
which  birds  of  up  to  3.6  kg  could  be  launched  to  velocities 
up  to  approximately  300  m/s. 

The  system  consisted  of  a  177.8  mm  bore  compressed  air 
gun  with  supporting  compressor,  instrumentation,  and  control 
systems.  The  compressor  system  consisted  of  a  1.42  m3/min> 

3.5  MN/m2  compressor  pumping  into  a  0.11  m3  intermediate  storage 
tank.  The  intermediate  storage  tank  was  connected  via  a  flexible 
hose  and  quick  disconnect  coupler  to  the  large  air  storage 
tank  used  for  driving  the  gun.  The  driving  air  storage  tank  had 
a  capacity  of  approximately  0.85  m3.  There  was  a  valve  system 
located  between  the  driving  air  storage  tank  and  the  breech 
of  the  gun.  This  valve  system  was  designed  to  valve  the  high 
pressure  air  from  the  driving  storage  tank  into  the  gun  to 
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several  unsatisfactory  characteristics  of  the  original  balsa 
wood  sabots.  There  is  only  one  supplier  of  balsa  wood  in  the 
United  States,  and  the  sizes  and  quantities  which  could  be  supplied 
were  only  marginally  satisfactory  for  these  large  sabots. 

180  mm  balsa  planking  was  not  available,  so  up  to  nine  smaller 
planks  had  to  be  bonded  together  to  form  a  work  piece  large 
enough  to  fabricate  these  sabots.  This  fabrication  technique 
produced  sabots  which  were  only  marginally  strong  enough.  They 
often  broke  during  fabrication.  The  molded  plastic  sabots  proved 
completely  satisfactory  for  launching  birds  over  the  range  of 
sizes  and  velocities  used  in  this  study.  They  are  light, 
strong  and  very  dimensionally  stable. 

As  the  sabot  represents  a  significant  fraction  of  the  launch 
mass,  it  must  be  stripped  from  the  bird  before  the  bird  impacts 
the  target.  Accordingly,  a  tapered  tube  sabot  stripping  section 
was  connected  to  the  muzzle  end  of  the  vent  section.  The  sabot 
stripper  tube  consisted  of  a  steel  tube  with  an  initial  ID  of 
177.8  mm  that  was  progressively  reduced.  A  series  of  longi¬ 
tudinal  wide  slots  were  cut  into  the  stripper  tube  to  facilitate 
the  rapid  release  of  the  driving  pressure,  thus  reducing  the 
forces  required  to  decelerate  and  stop  the  sabot.  When  the 
launch  package  entered  the  sabot  stripper  tube,  the  sabot  was 
progressively  decelerated  until  it  stopped.  The  bird  released 
from  the  sabot  pocket  and  continued  on  trajectory  to  the  target. 

For  the  high  velocity  shots,  an  extension  to  the  stripper  tube 
was  required.  It  consisted  of  nine  bars  welded  around  a  ring 
and  connected  to  the  stripper  tube  through  a  flange  system. 

The  vent  section  muffler  and  stripper  tube  are  shown  in  Figure  2. 
The  sabot  stripper  functioned  satisfactorily  over  the  entire 
range  of  masses  and  velocities  which  were  used  in  this  program. 

Free  flight  observations  of  the  bird  showed  that  the  bird 
was  oscillating  after  sabot  separation.  This  oscillation  was 
apparently  initiated  by  the  release  of  the  bird  from  the  sabot. 

To  assist  in  the  smooth  release  of  the  bird,  holes  were  drilled 
in  the  base  of  the  sabot.  These  holes  permit  the  driving  pressure 
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Figure  2. 


The  Vent  Soot  ion  Muffler  ami  Stripper  Tube 


to  act  on  the  bane  of  the  bird  itself.  Therefore,  the  bird  was 
both  pushed  and  pulled  out  of  l he  sabot  during  the  separation 
process.  This  technique  appeared  to  greatly  reduce  the  bird 
one i 1 1  at  ion  problem. 


2. 2  VMIilX'  l  TY ,  LOCATION,  ANP  OR  HINT  AT  1  ON  MKASURKMKNT 


The  velocity  of  the  bird  was  measured  prior  to  impact 
using  a  simple  time  of  flight  technique.  between  the  mir/.?.le  of 
the  sabot,  stripper  and  the  target ,  two  helium/neon  laser  t>eams 
were  directed  across  the  trajectory.  When  the  bird  interrupted 
the  first,  laser  beam,  a  counter  was  started.  The  count o»  was 
stopped  when  the  bird  interrupted  the  second  laser  beam.  The 
distance  between  the  laser  beams  and  the  elapsed  lime  were 
used  to  calculate  the  velocity.  To  increase  the  accuracy  of 
the  velocity  measurements ,  monitor  bird  orientation,  determine 
projectile  impact  location  on  target,  and  verify  bird  integrity 
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prior  to  impact,  two  orthogonal  pulsed  x-ray  systems  wore  set 
up  at  each  laser  beam  station.  The  resulting  radiographs  of 
the  bird  in  flight  were  used  to  accurately  establish  the  position 
of  the  bird  with  respect  to  the  laser  beam  and  to  monitor  the 
condition  and  orientation  of  the  bird.  The  accurate  determination 
of  projectile  location  and  orientation  relative  to  the  target  is 
necessary  to  properly  describe  the  pressure  distribution.  Using 
this  technique,  velocities  could  be  measured  to  within  one  per¬ 
cent,  projectile  impact  location  on  target  could  be  determined  to 
within  about  1.25  cm,  and  orientation  to  within  *-0.5  degrees. 

Bird  disintegration  during  launch  was  extremely  rare  and  was 
not  an  experimental  problem.  The  instrumentation  described  above 
is  shown  in  Figure  3. 

2.3  PRESSURE  MEASUREMENTS  AND  RECORDING 

The  impact  shock  pressures  can  U  extremely  high,  the 
duration  of  the  impact  is  relatively  short  and  there  could  bo 
important  transient  pressure  excursions.  The  pressure  sensing 
devices  must  be  capable  of  measuring  and  withstanding  those 
high  pressures  and  the  pressure  sensing  and  recording  equipment 
must  have  adequate  bandwidth  to  detect  and  record  important 
pressure  transients . 

Piezoelectric  quartz  pressure  transducers  were  used  as  the 
basic  sensing  devices  for  these  experiments.  These  transducers 
have  a  compact  impodeneo  converter  physically  located  in  the 
coaxial  line  close  to  the  crystal,  and  they  have  a  specified 
bandwidth  from  0  to  80  kHz.  Since  those  transducers  are  not 
specifically  designed  for  impact  testing,  calibration  was 
necessary  to  verify  their  operation.  In  Reference  .1  Harbor 
gives  details  of  calibration  techniques  in  his  report.  The 


'Harbor,  J.P.  and  J.H.  Wilbeek,  "The  Characterization  of  bird 
Impacts  on  a  Rigid  Plate:  Part  1,”  AFFDl.-TR-75-r>,  ADAO 21142, 
January  197s. 
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transducers  wore  mounted  flush  with  the  surfaoo  »'i  a  heavy 
stool  plate.  Up  to  nine  transducers  wore  s i mu I t aneous Iv 
mounted  in  the  plate  on  orthooona l  axes. 

The  pressure  siqnals  were  recorded  usina  an  electronic 
digital  memory  system.  This  system  uses  an  ana  lea  to  diaital 
siqnal  converter.  The  system  Has  a  200  kit/.  sample  rate,  and 
each  channel  ran  store  2048  data  points  in  shift  reaisters.  The 
pressure  signals  were  displayed  on  an  oscilloscope,  as  a  function 


of  time#  aiul  the  time  interval  of  interest  determined.  Then# 
digital  data  over  these  intervals  was  recorded  on  a  cassette 
and  could  bo  printed  out  on  an  electronic  data  terminal.  This 
technique  significantly  increased  the  accuracy  and  reliability  of 
the  data. 
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A  total  of  S3  data  shots  wore  performed  to  investigate  the 
scaling  of  bird  impact  loads.  The  objective  was  to  demonstrate 
that,  the  sealing  relationships  which  worked  extremely  well  over 
the  range  of  bird  masses  from  60  to  600  a,  were  applicable  to 
bird  masses  ranging  from  1800  to  3600  g.  The  projectiles  used 
in  these  tests  included  birds  (chickens)  and  bird  substitutes 
(porous  gelatin).  They  wore  impacted  at  three  impnet  angles 
('>0'',  *15°,  36'')  and  at  velocities  ranging  from  100  m/s  to  300  m's. 
The  substitute  birds  wore  right  circular  cylinders  with  a  length 
to  diameter  ratio  of  approximately  two. 

The  time  varying  pressure  data  were  collected  using  a 
digital  data  memory  system  as  described  in  Seel  ion  11.  From  these 
recorded  data,  measurements  wore  made  to  obtain  peak  pressure  and 
steady  flow  pressure .  The  results  of  these  measurements  together 
with  comparisons  to  theoretical  results  and  measurements  from 
impacts  of  smaller  size  birds  and  bird  substitutes  reported  by 
Oarber  in  Reference  3  and  Bauer  in  Reference  !»  are  presented  in 
the  I  oil  owing  sections. 

3.1  INTRODUCTION 

Birds  independent  of  their  masses  can  be  assumed  to  bo 
right  circular  cylinders  with  a  length  to  diameter  ratio  greater 


Barber,  J.P.,  11. R.  Taylor,  and  J.S.  Wilbeck,  "Bird  Impact 
Forces  and  Pressures  on  Rigid  and  Compliant  Targets,”  AFFDL- 
TR- 77-60 ,  ADA061-31 3,  May  1978. 

"Bauer,  p.P.  and  J.P.  Barber,  "Experimental  Investigation  of 
impact  Pressures  Caused  by  Gelatin  Simulated  Birds  and  ice," 
UPR-TR-78-l 14,  November  1978.  . 
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These  two 


than  two,  and  to  behave  like  fluids  durinq  impacts, 
basic  assumptions  provide  the  basis  for  understand! mi  the  scaling 
of  bird  impact  loads. 

because  the  impact  process  is  basically  fluid  dynamic,  the 
characteristic  pressures  are  the  lliujoniot,  or  impact,  pressure 
and  the  flow,  or  stagnation,  pressure,  both  of  these  pressures 
depend  only  on  the  impact  velocity  and  the  material  properties 
of  the  bird  (i.e.,  density  and  shock  velocity).  The  magnitudes 
of  these  pressures  should  not  vary  with  bird  size,  however,  the 
spacial  and  temporal  distribution  of  pressure  should.  Since 
birds  of  different  mass  are,  however,  geometrically  similar 
(i.e.,  they  have  similar  length  to  diameter  ratios),  pressure 
distributions  should  scale  linearly  with  bird  dimensions. 

That  is,  pressure  distributions  should  depend  only  on  normalized 
distances  (where  normalization  is  carried  out  with  a  bird 
dimension  such  as  diameter  or  length).  This  was,  in  fact, 
shown  in  Reference  i  for  birds  and  Reference  T>  tor  substitute 
birds  up  to  600  g. 

bird  and  gelatin  impacts  on  a  steel  target  plate  may  be 
considered  as  soft  body  impacts  since  the  stresses  generated  during 
impact,  substantially  exceed  the  strength  of  the  projectile  but 
are  well  below  the  strength  of  the  target  material.  Pressure 
records  obtained  from  such  impacts  arc  shown  in  Figure  l,  f>  and 
f.  Figures  A  and  r>  show  typical  pressure  traces  from  normal 
and  oblique  impact  of  a  nominal  1800  g  and  1600  g  right  circular 
cylindrical  gelatin  projectile.  Figure  6  shows  similar  pressure 
traces  from  impacts  of  a  real  bird  (chicken) .  The  two  pressure 


'harbor,  J.P.,  U . R.  Taylor,  and  a . S .  Wilbook,  "bird  Impact 
Forces  and  Pressures  on  Rigid  and  Compliant  Targets,"  AFFPb- 
TR- 77-60,  ADA061-  V13,  May  l ‘>7 8. 

s Ratio r,  n.P.  and  J.P.  barber,  "Experimental  Investigation  of 
Impact  Pressures  Caused  by  Gelatin  Simulated  birds  and  lee," 
PDR-TR- 78-114,  Novombo r  l « 7  8 . 
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levels  of  interest  on  these  traces  are  the  peak  pressure  and  the 
steady  flow  pressure. 

The  peak  pressure  is  due  to  a  shock  wave  formed  from  the 
initial  impact,  and  is  mainly  a  function  of  the  normal  compo¬ 
nent  of  impact  velocity  and  the  projectile's  properties.  The 
steady  flow  pressure  occurs  when  the  initial  shock  wave  is 
overtaken  by  the  release  waves  formed  from  the  pressure  gradient 
along  the  projectile's  edge.  The  phases  of  the  impact  process 
are  shown  in  Figure  7. 

3.2  IMPACT  DURATION 

The  time  duration  of  impact  of  birds  was  first  derived 
by  Barber  in  Reference  3  and  was  found  to  equal  the  projectile 
length  divided  by  the  impact  velocity.  The  same  results  were 
found  during  this  experimental  program.  These  results  also  agree 
with  the  results  presented  by  Bauer  in  Reference  5  during  his 
experimental  investigation  on  simulated  birds. 

3.3  INITIAL  IMPACT  PRESSURE 

During  the  initial  impact,  the  particles  on  the  front 
surface  of  the  projectile  are  instantaneously  brought  to  rest 
relative  to  the  target  face  and  a  shock  propagates  into  the 
projectile.  As  the  shock  wave  propagates  into  the  projectile, 
it  brings  the  material  behind  the  shock  to  rest.  The  pressure 
in  the  shock  compressed  region  is  initially  very  high  and  is 
uniform  across  the  impact  area.  The  pressure  behind  the  shock. 


•‘Barber,  J.P.  and  H.R.  Taylor,  and  J.S.  Wilbeck,  "Bird  Impact 
Forces  and  Pressures  on  Rigid  and  Compliant  Targets,"  AFFDL- 
TR-77-60,  ADA061-313,  May  1978. 

sBauer,  D.P.  and  J.P.  Barber,  "Experimental  Investigation  of 
Impact  Pressures  Caused  by  Gelatin  Simulated  Birds  and  Ice," 
UDR-TR-78-114,  November  1978. 
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(the  Hugoniot.  pressure)  is: 

**H  =  *'Vn  (1) 

where  e  is  the  density  of  the  rojectilo,  V  is  the  shock  veloc¬ 
ity,  and  V  is  the  normal  component  of  impact  velocity.  The 
relation  between  the  shock  velocity  V  and  the  normal  component 
of  impact  velocity  V  for  gelatin  with  10  percent  porosity  was 
derived  by  Wi lbock  in  Reference  4.  The  initial  impact  pressures 
measured  for  all  normal  and  oblique  impacts  for  bird  and  gelatin 
are  presented  in  Figures  0,  9,  and  10.  The  measured  impact 
pressures  for  normal  impact  tor  nominal  1800  g  real  bird  agree 
very  well  with  the  calculated  pressures.  The  agreement  is 
better  than  the  experimental  results  from  small  birds  reported 
by  Barber  in  Reference  3.  The  small  bird  data  wore  probably 
affected  by  the  limited  bandwidth  (80  KHz)  of  the  transducers. 
The  shock  pulse  was  barely  defined  for  the  large  birds  (see 
Figures  4-6) .  Shock  pulse  duration  was  only  about  half  as  long 
for  the  small  bird  impacts,  and  the  peaks  may  hove  been  clipped. 
The  measured  shock  pressures  for  normal  impact  for  gelatin  with 
10  percent  porosity  are  well  above  those  anticipated.  The  shock 
pressures  approached  those  expected  for  pure  gelatin  and  wi.*v 
up  to  twice  as  high  as  those  expected  for  the  porous  gelatin 
bird  simulant  material.  A  thorough  investigation  was  conducted 
and  the  source  of  those  extremely  high  and  unexpected  pressures 
was  determined  and  eliminated  during  the  later  shots. 

It  was  found  that  the  part  of  the  bird  initially  striking 
the  target  was  essentially  pure  gelatin.  Birds  were  launched 


4  Wi  lbock,  J.S.,  "Impact  Behavior  of  l.ow  Strength  Projectiles," 
AFM1.-T K- 7 7 - 1 3 4  ,  ADA060-423,  July  1978. 

’Barber,  J.P.,  11.  R.  Taylor,  and  J.S.  Wi  lbock,  "Bird  Impact 
Forces  and  Pressures  on  Rigid  and  Compliant.  Targets,"  AFF151.- 
TR-77-60,  ADA061-313,  May  1978. 
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Figure  10a. 


Initial  impact  (llugoniot)  Pressures  versus  Impact 
Velocity  for  Nominal  1800  g  Real  Bird  (chicken) 
at  25°  Impact 
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Initial  Impact  (Hugoniot)  Pressures  versus  Impact 
Velocity  for  Nominal  1800  g  and  .1600  q  Gelatin  at. 
25°  Impact. 
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such  that  the  end  of  the  bird  which  first  struck  the  target 
was  the  end  that  was  at  the  bottom  of  the  mold  durinq  the 
molding  process.  The  presence  of  pure  gelatin  at  the  bottom 
of  the  mold  was  due  to  the  tendency  of  the  phenolic  microballoons, 
which  were  used  to  provide  porosity,  to  float  out  of  the  gelatin 
during  the  curing  process.  This  was  confirmed  by  making  density 
measurements  along  the  axis  of  the  bird.  The  results  for  several 
processes  are  shown  in  Figure  11.  Pure  gelatin  was  found  at  the 
bottom  of  the  mold  and  extremely  low  density  gelatin  at  the  top 
of  the  mold.  Numerous  different  processing  techniques  were  tried 
in  an  atteir  t  to  eliminate  the  density  gradients  from  the  bird. 

As  can  be  seen  from  Figure  11,  good  density  uniformity  was 
obtained  in  many  cases  but  in  general  the  density  was  too  low. 
Efforts  to  increase  density  always  resulted  in  increased  density 
gradients.  As  a  result  of  this  investigation,  birds  were  molded 
some  30  percent  longer  than  the  nominal  bird  length  and  approx¬ 
imately  15  percent  was  trimmed  from  each  end.  This  technique 
produced  density  variations  which  fell  between  acceptable  limits. 
To  further  insure  that,  the  very  high  peak  pressures  wore  not. 
produced,  birds  were  launched  top  end  (low  density  end)  first. 
These  changes  produced  better  behavior  in  the  lator  oblique  shots. 
The  measured  impact  pressures  for  oblique  impact  for  gelatin  and 
real  birds  are,  as  expected,  lower  than  the  calculated  values. 

In  addition,  low  recorded  peak  pressure  during  oblique  impacts 
may  have  also  been  caused  by  the  relatively  shorter  duration  of 
the  shock  pulse  in  these  impacts.  As  pointed  out  earlier, 
the  limited  bandwidth  of  the  transducers  can  result  in  a  sig¬ 
nificant  attenuation  of  the  measured  signals.  For  25°  and  45* 
impacts,  the  initial  impact  pressure  spike  was  much  loss 
pronounced  than  for  90°  impacts. 

3.4  STEADY  FLOW  PRESSURES 

As  the  shock  wave  propagates  into  the  projectile,  the 
material  at  the  edqe  of  the  projectile  is  subjected  to  a  very 
high  pressure  gradient.  This  pressure  qradient  causes  the 
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material  to  bo  accelerated  radially  outward,  and  release  waves 
propagate  inward.  The  function  of  those  release  waves  .is  to 
relieve  the  radial  pressure  gradient  in  the  projectile.  Release 
waves  travel  into  the  projectile,  eventually  overtaking  the 
initial  shock  wave.  The  release  process  for  a  cylinder  is  shown 
in  Figure  12.  As  the  radial  pressure  decreases  during  the 
shock  pressure  decay,  shear  stresses  develop  in  the  projectile 
material.  These  shear  stresses  are  greater  than  the  shear 
strength  of  the  material  and  are  sufficient  to  cause  "flow". 

Then,  the  bird  can  be  considered  to  behave  as  a  fluid.  After 
several  reflections  of  the  release  waves,  a  condition  of  steady 
flow  is  established.  A  constant  pressure  and  velocity  field  is 
set  up  in  the  projectile  and  remains  until  the  end  of  the  projectile 
reaches  the  target  surface.  This  steady-state  phase  is  usually 
indicated  by  a  pressure  plateau  on  the  pressure  traces.  As 
could  be  soon  in  Figures  4,  ri ,  and  n ,  a  largo  amount  of  high 
frequency  "noise"  was  superimposed  on  the  pressure  profiles, 
which  made  it  hard  to  identify  the  plateau  and  to  make  an  accurate 
measurement  of  stoadv-stato  pressure.  Therefore,  an  average 
value  of  the  pressure  was  measured  and  used  in  presenting  the 
pressure  distributions.  This  noise  was  investigated  in  Ref¬ 
erence  4  by  Wi lbeek  and  might  have  been  caused  by  the  break¬ 
up  or  tearing  of  the  material  (creation  of  new  surfaces)  during 
impact  or  by  the  acceleration  loads  on  the  gages  caused  by  the 
pressure  plate  vibrations. 

Using  potential  flow  theory,  Wi. lbeek  calculated,  in  Reference  4, 
the  steady-state  pressure  tor  a  bird  impact  at  normal  incidence. 

The  pressure  at  the  center  of  impact  was  found  to  ogual  the 
stagnation  pressure  which  was  approximated  by: 


4 Wi lbeek,  J.S.,  "Impact  Behavior  of  l.ow  Strength  Projectiles," 
AFHI.-TR-77-U4,  ADAO(>0-423 ,  July  1978. 
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Figure  12.  Shock  and  Release  Waves  in  Fluid  Impact.  (a)  before 
impact;  (b)  shocked  region  just  after  impact;  (c) 
release  waves  have  converged  on  Point  B ,  the  axis  of 
the  cylinder;  (d)  release  waves  have  just  caught  the 
center  of  the  shock,  Pt.  C. 


where  pQ  is  the  density  of  the  material  with  zero  porosity  and 
v  is  the  impact  velocity.  The  stagnation  pressure  is  the 
highest  pressure  during  the  steady  flow  regime  and  is  an  im¬ 
portant  factor  in  scaling  bird  impact  loads ,  since  it  is  used 
to  nondimensionalize  the  steady  flow  pressure  distribution. 

For  oblique  impact,  the  majority  of  fluid  will  flow  "down¬ 
stream"  on  the  obtuse  side  of  the  impact.  The  stagnation  point 
shifts  "upstream"  to  the  acute  side  of  the  center  of  impact  as 
shown  in  Figure  13.  As  long  as  a  stagnation  point  exists,  the 


MAJOR  AXIS 


Figure  13.  Flow  Geometry  at  Oblique  Impact 

full  stagnation  pressure  will  occur  at  the  stagnation  point 
regardless  of  angle  of  impact.  However,  the  distribution  of 
pressure  along  the  surface  will  be  greatly  dependent  on  the 
impact  angle.  The  distribution  of  pressure  in  an  oblique 
cylindrical  impact  is  difficult  to  analyse  because  it  is  a 
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three-dimensional  fluid  dynamic  problem,  in  Reference  6,  Boehman 
used  potential  flow  theory  to  develop  a  computer  model  for 
predicting  the  pressure  distribution  produced  by  the  steady 
state  flow  of  a  cylindrical  jet  impacting  on  a  rigid  flat  plate. 
The  code  utilizes  a  source  density  distribution  on  the  surface 
of  the  plate  and  solves  for  the  pressure  distribution  necessary 
to  make  the  normal  velocity  zero  on  the  boundary.  Originally, 
the  Input  to  this  program  consisted  of  the  coordinates  of  points 
describing  the  body  surface.  For  our  purposes,  the  code  was 
modified  to  generate  a  grid  describing  the  plate,  where  the  size 
of  the  grid  depends  on  the  mass  of  the  bird  and  the  angle  of 
impact.  A  listing  of  the  modified  code  along  with  a  sample 
input  and  output  data  is  presented  in  the  Appendix.  The  exper¬ 
imental  pressure  data  measured  in  this  task  is  compared  to  those 
theoretical  curves  and  to  the  experimental  data  from  Reference  3 
by  Barber  and  Reference  5  by  Bauer  in  the  following  sections. 

3.4.1  Gelatin  Artificial  Birds 

Figures  14,  15, and  16  show  the  nondimonsionalizcd 
steady  flow  pressure  distributions  along  the  major  axis  pro¬ 
duced  by  gelatin  with  10  percent  porosity  for  90°,  45°,  and 
25°  impact  angles,  respectively.  The  pressures  are  normalized 
to  the  stagnation  pressure  as  calculated  in  Equation  (2). 

Together  with  the  experimental  data,  two  sots  of  curves  arc  shown 
in  these  figures.  The  predicted  pressure  distribution  from 


" Uoohman,  L.I. ,  and  A.  Challita,  "A  Model  for  Predict  ing  Bird 
and  Ice  Impact  Loads  on  Structures,"  tiDR-TR-79-54 . 


harbor,  J.P.,  11. R.  Taylor,  and  J.S.  Wilbeck,  "Bird  Impact 
Forces  and  Pressures  on  Rigid  and  Compliant  Targets,"  AFFDL- 
TR-77-60,  ADA061-31 3 ,  May  1978. 

5  Bauer,  D.  P.  and  J.P.  Barber,  "Experimental  Investigation  of 
Impact  Pressures  Caused  by  Gelatin  Simulated  Birds  and  Ice," 
UOR-TK-78- 1 14  ,  November  1978. 
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NON-DIMENSIONAL  PRESSURE  2P/pv 


NON-DIMENSIONAL  RAP'US  (r/O)  SmS 


Figure  14.  Normalized  Steady  Flow  Pressure  Distribution  of 

Nominal  1800  y  and  3600  g  Gelatin  with  10t-  Porosity 
Along  Major  Axis  at  Normal  Impact 


Figure  15.  Normalized  Steady  Flow  Pressure  Distribution  of 

Nominal  1800  g  and  3600  g  Gelatin  with  10%  Porosity 
Along  Major  Axis  at  45°  Impact 


Figure  If..  Normalized  Steady  Flow  Pressure  Distribution  of 

Nominal  1800  g  and  3600  g  Gelatin  with  10Y-  Porosity 
Along  Major  Axis  at  2  V’  impact 

Reference  6  by  Boehman  lor  normal  (‘>0''),  •IS4',  and  25°  impacts, 
and  the  least-squares  curve  fits  of  the  experimental  data  for 
smaller  n\ ■/.<;  gelatin  projectiles  from  Reference  5  by  Bauer. 

The  error  bars  shown  parallel  to  the  ordinate  axis  represent  the 
uncertainty  in  measuring  the  steady  state  pressure  from  the 
pressure  traces  created  by  the  superposition  of  the  hiqh  frequency 
noise  on  the  pressure  profile  of  birds.  The  errov  bars  shown 
parallel  to  the  abscissa  are  based  on  the  maximum  error  in 
determining  the  initial  impact  location  on  the  target.  The 
maximum  error  was  calculated  in  Reierenoe  5  by  Bauer  and  is 


* Boehman,  L.l.  and  A.  Challita,  "A  Model  for  Predicting  Bird 
and  Ice  Impact.  Loads  on  Structures,"  UOR-TR-79-r»4 . 
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sBauor,  D.P.  and  J.P.  Barber,  "Experimental  Tnvostigat ion  of 
Impact  Pressures  caused  by  Gelatin  Simulated  Birds  and  ice,” 
UDR-TR-78-114,  November  1978. 
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caused  by  the  displacement  of  the  actual  trajectory  from  the 
true  trajectory  of  the  projectile. 

This  set  of  figures  shows  the  important  effect  that 
impact  angle  has  on  steady  flow  distribution.  As  the  impact 
angle  changes  from  normal  to  oblique,  the  steady  flow  pressure 
distribution  changes  from  symmetrical  about  the  center  of  impact 
to  highly  skewed  about  the  stagnation  point.  It  also  shows 
that  the  location  of  the  stagnation  point  in  the  flow  field 
moves  from  the  center  of  impact  to  a  point  actually  outside  the 
projected  frontal  area  of  the  inco. ling  projectile.  The  figures 
show  that  projectile  size  has  no  effect  on  steady  flow  pressures. 
The  data  for  both  1800  g  and  3600  g  gelatin  projectiles  are 
included  in  the  figures  and,  in  nondimensionalized  (scaled) 
form,  show  no  significant  departure  from  the  smaller  bird  results. 

Agreement  among  the  theoretical  curve,  curve  fit 
of  the  experimental  data  for  smaller  size  gelatin  projectiles, 
and  the  experimental  data  from  this  work  is  very  good  at  all 
angles  of  impact.  Some  disagreement  between  the  data  and  the 
flow  model  predictions  does  occur  near  the  outside  edge  of  the 
Clow,  because  the  analytically  predicted  pressure  distribution 
was  generated  from  a  simplified  model  of  onset  flow. 

3.4.2  Real  Birds 

Figures  17,  18,  and  19  show  the  steady  flow  pressure 
distributions  along  the  major  axis  for  real  bird  impacts. 

Again,  the  theory  and  the  least-squares  curve  fit  of  the  exper¬ 
imental  data  for  smaller  size  birds  from  Reference  3  by  Barber 
are  shown  on  these  figures.  Error  bars  similar  to  that  shown 
for  siolciti.*'  are  also  shown. 

All  of  the  characteristics  of  steady  flow  apparent 
in  the  gelatin  impacts  are  also  apparent  for  real  birds.  The 


'Barber,  d.P.,  II. R.  Taylor,  and  J.S.  Wilbeck,  "Bird  Impact 
Forces  and  Pressures  on  Rigid  and  Compliant  Targets,"  AFFDL- 
TR-77-60 ,  ADA061-31 3 ,  May  1978. 
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NON  -  DtMC  NSION  Al  RADIUS  (i/a)  SmO 


l-'iquro  l *) .  Normal  ivied  Steady  Flow  Pressure  Distribution  of 
Nominal  1800  u  Real  Bird  (ehicken)  Alona  Major 
Axis  at  25°  Impact 


stagnation  point  moves  from  the  center  of  impact  to  a  point 
outside  the  projected  frontal  area  of  the  iuoomina  projectile 
ami  the  steady  flow  pressure  distribution  is  hiqhlv  dependent 
on  the  impact:  ana  to.  There  is  qood  agreement  amoiui  the  theo¬ 
retical  curve,  curve  fit  of  the  eJC|X'r imental  data  for  mil  Km' 
s  i  /.e  birds,  and  the  experimental  data  front  this  proa ram. 

This  data  also  demonstrates  that  for  the  1800  a 
projectiles,  there  are  no  significant  differences  between 
loads  produced  by  real  and  ucl.it  in  birds.  In  Reference  r» 
Bauer  found  a  similar  result  for  l>0  a  and  i,0ll  a  projeetiles. 


'Bauer,  l).P.  and  d.P.  Barber,  "Kxper  i  nient  a  1  l  nvest  i  aat  i  on  of 
Impact  Pressuies  Banned  bv  Bel. if  in  Simulated  Birds  and  I  ce , 
BDK-TK-VS-l  I  I,  November  l’V/8. 


SECTION  IV 

CONCLUSIONS  AND  DISCUSSION 

A  detailed  body  of  impact  pressure  data  now  exists  for 
real  birds  (chickens)  and  bird  substitutes  (gelatin  with  10 
percent  porosity)  over  an  enormous  range  of  impact  parameters. 
The  parameters  and  their  ranges  are: 

1)  Bird  mass  -  60  g  to  3600  g 

2)  Impact  velocity  -  50  m/s  to  300  m/s 

3)  Impact  angle  -  25°  to  90° 

This  entire  body  of  data  has  been  successfully  analysed  and  the 
important  impact  processes  identified,  functional  relationships 
between  the  impact  pressures  and  impact  parameters  developed 
and  scaling  of  impact  loads  with  bird  mass  completed,  from 
the  work  reported  here  and  in  Reference  3  by  Barber,  Reference  2 
by  Peterson  and  Barber,  Reference  4  by  Wilbeck,  and  Reference  5 
by  Bauer,  the  following  conclusions  may  bo  drawn. 

1)  Birds  behave  as  a  fluid  during  impact  at  the  impact 
velocities  of  interest  in  birdstrike  (s50  m/s). 


3Barber,  J.P. ,  H.R.  Taylor,  and  J.S.  Wilbeck,  “Bird  Impact 
Forces  and  Pressures  on  Rigid  and  Compliant  Targets,"  AFFDL- 
TR- 77-60,  ADA061— 313 ,  May  1978. 

'Peterson,  R.L.  and  J.P.  Barber,  "Bird  Impact  Forces  in  Aircraft 
Windshield  Design,"  AFFDL-TR-75-150,  ADA026-628,  March  1976. 

4Wilbeck,  J.S.,  "Impact  Behavior  of  I,ow  Strength  Projectiles," 
AFML-TR-77-134,  ADA060-423,  July  1978. 

sBauer,  D.P.  and  J.P.  Barber,  "Experimental  Investigation  of 
Impact  Pressures  Caused  by  Gelatin  Simulated  Birds  and  Ice," 
UDR-TR— 78-114,  November  1978. 
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2)  There  are  four  phases  of  fluid  behavior  during  a  bird 
impact;  the  shock  phase  of  initial  impact,  shock  pressure  decay, 
steady  flow,  and  termination. 

3)  Peak  shock  pressures  are  independent  of  bird  mass  but 
depend  in  a  predictable  manner  on  impact  velocity,  impact  angle, 
and  bird  material  properties. 

4)  Steady  flow  pressures  are  independent  of  bird  mass  but 
depend  in  a  predictable  way  on  impact  velocity,  impact  angle, 
and  bird  material  properties. 

5)  The  spacial  distribution  of  bird  impact  pressures 
scale  linearly  with  bird  dimensions  (providing  bird  orientation 
at  impact  is  fixed) .  This  scaling  has  been  tested  over  a  range 
of  bird  mass  from  60  g  to  3600  g. 

6)  Impact  duration  is  given  by  simply  the  length  of  the 
bird  divided  by  the  impact  velocity.  The  validity  of  this 
relation  has  been  tested  for  bird  masses  from  60  to  3600  g  and 
for  impact  velocities  from  50  m/s  to  300  m/s. 

7)  Simulated  birds  effectively  reproduce  the  pressure 
distribution  of  real  birds. 
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APPENDIX 

BT  RD  LOADING  MODEL 


This  appendix  provides  a  listing  of  the  modified  bird 
loading  model,  a  sample  input  and  output  data,  and  the  instruc¬ 
tions  needed  to  run  the  program. 

The  original  loading  model  was  designed  to  predict  impact 
loads  and  to  be  interfaced  with  finite  element  structural 
analysis  computer  programs,  and  also  was  designed  to  handle  impacts 
on  arbitrary  curved  surfaces.  The  three-dimensional  potential 
flow  theory  was  used  to  model  the  impact  process  and  the 
surface  singularity  method  was  used  to  solve  the  complex 
potential  Clows  (i.c.,  velocity  and  pressure  fields).  To  allow 
arbitrary  bodies  to  bo  considered,  it  was  required  that  the  body 
surface  be  specified  by  a  set  of  points  in  space  called  nodal 
points  and  that  the  coordinates  of  all  nodal  points  on  the 
impacted  surface  bo  supplied  to  the  loading  model. 

Input  to  the  loading  model  consisted  of  the  coordinates  of 
the  set  of  finite  element  nodal  points  defining  the  surface 
of  the  impacted  object.  These  coordinates  were  given  in  the 
reference  coordinate  system,  that  is,  the  coordinate  system 
used  to  describe  the  shape  of  the  impacted  surface  before 
impact  occurs. 

Because  the  target  used  in  this  experimental  program  is 
a  rigid  flat  plate,  the  loading  model  was  modified  to  generate 
a  rectangular  grid  describing  the  plate.  The  dimensions  of  the 
grid  are  proportional  to  the  wciqht  of  the  bird  and  to  the 
angle  of  impact.  The  number  of  elements  forming  the  grid  is 
found  by  multiplying  NO  by  NS,  where  NC  and  NS  arc  the  number 
of  nodes  along  the  width  and  length  of  the  grid. 

The  input  data  needed  for  this  modified  version  of  the 
loading  model  are  time,  TIM,  which  is  assumed  to  equal  zero; 
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components  of  the  velocity  vector  of  the  projectile#  VBX#  VBY # 
and  VBZ;  coordinates  of  the  center  of  impact#  XI#  YI»  and  ZI; 
angle  of  impact,  THETA;  and  the  weight  of  the  projectile,  WB. 

The  bird  length  is  assumed  to  be  twice  its  diameter. 

The  output  data  are  divided  in  two  parts;  the  first  part 
lists  the  coordinates  of  the  four  corner  points  forming  the 
element#  the  components  of  the  unit  normal  vector#  and  the 
coordinates  of  the  null  point  in  the  reference  coordinate  system. 
The  main  purpose  of  this  output  is  to  enable  errors  in  the 
input  to  be  discovered  before  the  lengthy  flow  calculations 
are  performed.  The  second  part  contains  the  velocities  and 
pressures  on  the  body  surface. 


Listing  of  the  Main  Program 
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